The cumulative sum (cusum) technique was examined for its use in a disease surveillance system for detecting temporal clusters of events. Optimal technique parameters were derived for scenarios not previously considered. Simulation modeling produced results that evaluated deviations from predefined rate increases. The cusum technique was less prone to false alarms and more efficient at detecting large rate increases than previously reported. As demonstrated using data obtained from a Salmonella surveillance system operated by a state animal diagnostic laboratory system, the cusum technique could provide early warning of an epidemic problem.
sented here in brief, and the cusum is presented in detail. The sets technique was developed for ongoing surveillance of birth defects or other rare diseases. 6, 7 It has also been applied in systems used for monitoring chronic disease. 9 This technique is used to examine the time interval, or gap, between consecutive diagnoses. The analysis is conducted for each new case and is thus well suited for an ongoing surveillance program. When all intervals of a preselected number are less than the appropriate critical duration, an alarm is ''sounded.'' The Poisson technique is based on the Poisson distribution assumptions for rare events when the mean (expected number of events) is equal to the variance. This technique has been used in US surveillance programs for monitoring congenital malformations. 12 It is based on calculating the probability of observing at least a given number of events, based on the mean number of events previously observed.
Cusum technique
The cusum technique was developed to detect industrial production process problems. 20 It is based on a measurement of the cumulative sum in excess of the expected number of events (cases) over time. This technique can be used in a surveillance system to enable rapid detection of even a minor change in the baseline incidence rate. For example, assume that the case incidence rate increases from 1.0 to 1.1 in month 26. This increase is readily apparent if a control (noncumulative values) chart ( Fig. 1 ) or a cusum chart (Fig.  2) is used. However, when events are not deterministic, i.e., an element of randomness exists as in the real world, the control chart presentation may fail to signal this increased rate of disease cases (Fig. 3 ). However, this increase would be visually apparent, as well as statistically significant, 3 mo after it appeared (month 29) when applying the cusum technique to the data (Fig. 4) . Thus, the cusum technique is able to magnify a small abrupt change that may not be otherwise discernable because of the surrounding noise. 15 In the construction of a cusum-based surveillance system, 3 parameters must be specified: baseline incidence rate, a reference value k (e.g., SD or a constant), and an alarm value h. The baseline incidence rate is determined using data ob- tained from nonepidemic periods (potentially adjusted to reflect cost of the problem and its associated alarm response); k and h are selected to maximize the system's ability to detect (in a timely manner) an increase in disease incidence rate while minimizing the probability of producing a false alarm, i.e., an alarm when there is no epidemic. An alarm is triggered when the cusum equals or exceeds the value of h.
Because no mathematical algorithms have been presented for the selection of these parameters, individuals have relied on tables of selected values for k and h obtained by approximations. 11 These tables were generated for baseline rates of a Poisson variate with a mean of Յ9 cases per observation period (traditionally 1 mo). Combinations of k and h (for given baseline and ''epidemic'' case rates) were identified such that they would set a false alarm an average of once in 500 mo and a true alarm either 3 or 7 mo after the beginning of the epidemic. Selection of months is by convention, and an alternative time period (e.g., hour, day, week) may be used.
The cusum value for a given month is calculated by subtracting k from the observed number of cases during the month and adding this value to the cusum value for the previous month. In a disease surveillance system, a decrease is not typically of interest; therefore, a 1-sided test is used, and the cusum value is constrained from falling below 0. To illustrate this method, assume the monthly distribution of cases presented in Table 1 , where k ϭ 1 and h ϭ 3. In this example, an alarm would be called at month 7 when the cusum value equals 3.
Evaluation of the cusum technique
Although existing tables are widely recommended for practical use, 10,23 they have limited application and cannot be used to evaluate deviations from the predicted case-rate increase. For example, if parameters were selected based on a desire to efficiently detect a 2-fold case-rate increase, how does the system respond to a 1-fold or 3-fold increase? Hypothetical data were generated to permit an extensive examination of the cusum technique and its recommended ''optimal'' k and h values.
Simulation modeling. Simulations were performed using a routine written in a spreadsheet software program a and spreadsheet add-in. b A total of 15 baseline rates were examined to simulate a range of nonepidemic scenarios. Twelve of these rates were further examined to determine the efficiency of the cusum technique in detecting 10 different rate increases for each baseline rate. An additional 2 baseline rates were simulated to compare simulation results reported here with those previously reported. One thousand iterations, which produced stable parameter estimates, were performed for each of the 137 (15 ϩ [12 ϫ 10] ϩ 2) scenarios, for a total of 137,000 iterations. Results obtained here were compared with those previously reported for the sets, Poisson, and cusum techniques. Throughout this process, test/isolation techniques were presumed to have perfect sensitivity and specificity. Although this assumption is unrealistic, the alternative was beyond the scope of this study. Statistical analysis. Simulation results were summarized as means, ranges, number of and time to a false alarm, and time delay to identify a true alarm.
Example. Salmonella surveillance data obtained by the California Animal Health and Food Safety Laboratory System (CAHFS) were used to illustrate the cusum technique. The isolates were obtained in California from adult dairy cattle with clinical diarrhea between January 1, 1991, and June 30, 1998. A more complete description of the study population and bacteriologic analysis was reported previously. 21 
Results
A useful criterion for evaluating a surveillance system is the expected time for a false alarm to occur, the longer the better. ''Optimal'' parameter values for the cusum technique were initially selected to have an associated mean time to a false alarm of 500 months (41.7 years). 11 Alternatively, 500 hours, days, or weeks could also have been used. In the current study, simulations were performed to evaluate a 300-year (3,600month) time period. Even with this extended time period, in nearly half (7/15) of the baseline rate simulations, a false alarm was not produced within at least 1 of the 1,000 iterations during the simulated 3,600 observation periods ( Table 2 ). The range of nonalarm iterations was 0.1-3.2% for these 7 simulations. An assumption was made that if the evaluation period were extended, the non-false-alarm iterations would have produced false alarms in excess of 3,600 months, at a rate equal to that of the observed false-alarm iterations plus 3,600. A weighted average was calculated to find an adjusted mean for simulations with a Ͻ100% false-alarm rate. For example, with a monthly baseline rate of 0.333, a total of 32 of the 1,000 (3.2%) iterations failed to signal a false alarm. The mean time to the first false alarm of the 968 alarm iterations was 863 months (data not shown). The adjusted mean was calculated to be 978 months: 0.968 (863 months) ϩ 0.032 (3,600 ϩ 863 months). Although the bias on the effect was relatively large for the estimate obtained for baseline rates of 0.333 (13%) and 2 cases/month (10%), it was minor (Յ1%) for the simulations where no false alarm was triggered in 0.1-0.2% of the iterations.
Simulation results for mean time to a false alarm reported here are consistent with those reported previously. 11 Specifically, when monthly baseline rates of 0.22, 0.39, and 8 were simulated, mean times to a false Table 2 ). However, additional simulations of baseline rates and ''optimal'' k and h combinations, recommended but not reported, 11 produced a wide range (357-978 months) of mean time to first false alarm compared with the expected time of 500 months. These findings emphasize the need to closely evaluate the performance of the cusum technique prior to the adoption of ''optimal'' parameters.
In a previous study, the mean time to first false alarm was simulated for the cusum and sets techniques for 7 baseline rates ( Table 3 ). 8 A comparison was made between those results and the simulation results reported in this study. Times reported here for the cusum simulations were on average 64.3 months (12.4%) longer (preferable) than those for the previously reported sets simulations.
Tables have been created to identify ''optimal'' combinations of k and h and baseline and increased rates that are associated with either a 3-or a 7-month true-alarm lag. However, additional information has not been presented regarding lags associated with alternative (3-7-month true-alarm lag) rate increases. Simulation results for the mean delay until a true alarm was triggered following a specific rate increase are presented in Table 4 and Fig. 5 . These data permit the evaluation of the efficiency of a surveillance system for alternative case-rate increases and specified values for k and h beyond the unique rate increases presented previously. 11 Based on the results reported here, variation from the rate increases associated with ''optimal'' values for k and h may produce large deviations from the expected alarm lags reported previously. 8, 11 For instance, for a monthly baseline rate of 0.22 cases, a delay of 3 or 7 months was reported for epidemic rate increases of 7.77 or 4.64, respectively. 11 Interpo- lations of simulation results reported here yield similar estimates of 5.97 and 4.40 epidemic rate increases necessary to result in delays of 3 and 7 months, respectively. However, if the rate increase were 1.5-fold (50%), it would not be detected for an average of 153 months. It appears the ''optimal'' parameter values (h and k) produce the basis for an efficient surveillance system when the rate increases are large, e.g., at least 2-6-fold, and the monthly baseline rates range from 0.22 to 8 cases, respectively. However, when the monthly baseline rate is low (0.22-1), a surveillance system using the recommended parameter values will be very inefficient at detecting smaller rate increases. For example, when the monthly baseline was 0.22 cases, the simulated mean delay was nearly 258 months (21.5 years) for a 1.25-fold (25%) increase in the baseline case rate. This is approximately half the expected frequency (493 months) observed for false alarms for that baseline rate (Table 2) . Consequently, approximately one-third of the alarms for this scenario would be predicted to be false alarms. These highly variable efficiencies should be taken into consideration when using the recommended k and h values, especially when designing a surveillance system to detect a relatively small rate increase.
Previously, a comparison was made of the efficiency of the sets and cusum techniques in detecting epidemics with a 1.5-fold increase over the baseline. 8 To extend the comparison, the relevant simulation results presented in Table 4 and Fig. 5 were combined with those from an additional 1,000 iterations each for monthly baseline rates of 0.417 and 0.583 cases. It was previously reported that for 1.5-fold increases, the sets technique was more efficient, i.e., it allowed detection of the epidemic sooner than did the cusum technique for the monthly (annual) baseline rates of 0.25-0.417 (3) (4) (5) cases. 8 The cusum technique, however, was reportedly more efficient for the higher baseline rates, 6 and 7 cases/year (0.5 and 0.583 cases/month). However, as can be seen in Table 5 , the results of the current simulations show longer delays than reported pre-viously. This finding alters somewhat the previous conclusions; the current results show that although the cusum technique is still more efficient in detecting a 1.5-fold increase when the annual baseline is 7 cases/ year (0.583 monthly), the sets technique is more efficient when the annual baseline rate is Յ6 cases.
In a previous study, the sets, Poisson, and cusum techniques were compared using data from 2 hospital wards, 1 with an average of 400 births/month and the other with several wards combining for 1,200 births/ month. 6 The cusum technique was reported to be more efficient than either the Poisson or sets tests when examining increases ranging from 3.4-fold to 25-fold. Assuming a time between false alarms of 500 months, the average length until detection of the increase ranged from 12.5 to 25.0 months and from 7.7 to 9.8 months for the Poisson and sets tests, respectively, compared with 7 months for the cusum technique (all tests for the 400-birth ward). Comparing these with parameters associated with a 3-month delay for the cusum, the associated Poisson and sets delays were 3.4-5.6 months and 3.3-4.8 months, respectively (data from 400-and 1,200-birth wards). The sets and Poisson techniques were considered quite comparable, although less efficient than the cusum technique.
To evaluate the field applicability of the cusum technique, it was applied to Salmonella serotype Montevideo isolation data collected in an ongoing surveillance program of the CAHFS (Fig. 6) . Optimal k and h parameters (designed for a 3-month lag to detect an epidemic and a 500-month period until a false alarm) were selected for 4 alternative monthly baseline rates, 0.22, 0.5, 1, and 2 cases/month. Four ''optimal'' parameter combinations were identified, including 3 different critical values (h) (Fig. 7a-7d ). The increase in Salmonella serotype Montivedeo case reports was detected with the cusum technique, using 3 of the 4 parameter combinations associated with monthly base- line rates of 0.22, 0.5, and 1. The alarm was delayed from month 64 to month 70 as the designated monthly baseline rate increased from 0.22 to 1. No alarm was signaled using the ''optimal'' parameters identified when the monthly baseline rate was set at 2. No false alarms were set off when using any of the alternative parameter combinations.
Discussion
Current simulated mean times to first false alarm were substantially longer than those reported from a previous simulation study. 8 This discrepancy may be due to the greater number of simulations performed here than in the previous study, 1,000 versus 50, respectively. As a result of the current findings, the previous recommendation does not appear to be valid. 8 Specifically, in comparing time intervals to false alarms produced by applying the sets and cusum techniques, it was reported that the difference was either negligibly small or the intervals were longer (preferable) for the sets technique. However, based on results of the current simulations reported here, the cusum technique appears preferable to the sets technique on the basis of less frequent false alarms associated with a surveillance system based on the cusum method using suggested parameter values. 11 Based on these findings of the application of the cusum technique on the Salmonella serotype Montevideo isolation data, a more sensitive system, e.g., assuming an annual baseline of Յ6 (alarm at month 66) cases, would be recommended for this serotype. Identification of an ''epidemic'' of a specific Salmonella serotype or highly resistant stain could trigger a more detailed investigation into feed source, animal movement, common sources, etc. Identification of a temporal cluster might also trigger an investigation into the spatial distribution of the event. If there were simultaneous spatial clustering, it would more strongly suggest a common source, such as feed. Also, if clustering were suspected based on a surveillance tool, more detailed investigation at the molecular level could be started to confirm the ''epidemic'' or clonality of the suspect strain (R. L. Walker, CAHFS, Davis, CA, personal communication).
Recently, the cusum technique has been used by the Centers for Disease Control and Prevention (CDC) in surveillance systems. Its most widespread application is with CDC's Public Health Laboratory Information System (PHLIS), which is used in public health laboratories in all states, the District of Columbia, and Guam. 19 Disease modules in PHLIS include Lyme disease, animal rabies, and food-borne pathogens such as Salmonella, Shigella, Campylobacter, and Escherichia coli O157:H7. Perhaps the most notable success of the cusum-based program occurred 1 month after implementation, when it was used to flag a nationwide increase in the reports of Salmonella serotype Stanley isolates. 18 The success of the detection was attributed to timely electronic reporting of isolates through PHLIS to CDC and application of the cusum algorithm to the Salmonella surveillance data. CDC also evaluated the cusum technique for its ability to provide their Metropolitan Atlanta Congenital Defects Program with an early warning of new teratogens. The conclusion was that for exposure rates to thalidomide of at least 1/1,000, the cusum would permit a rate change in intercalary limb deficiencies in 6 months. However, when monitoring all limb deficiencies assuming a pregnancy exposure rate of 3.5% and an exposure rate of 1/1,000, it was estimated to take in excess of 50 years to detect the problem. 24 The cusum technique may be modified to fit the specific system of interest. For example, the time period may be days or weeks rather than months. If the baseline case rate exceeds 9, an algorithm could be written based on data with a normal rather than Poisson distribution. 11 To avoid seasonality or other confounders such as age or breed, expected values could be appropriately adjusted. 19 Values for k and h should be problem specific, i.e., reflecting baseline rates, benefits of early detection of epidemics of various sizes, and costs of false alarms or delayed epidemic detection. 5 Although designed for large-scale surveillance systems, the cusum technique could easily be applied to individual or small groups of animals. As originally designed, it is also ideal for identifying production problems, such as those that might be an early warning of a subclinical infection.
Although the cusum technique was once considered computer constrained, 6 given the access to and familiarity with personal computers shown by health care workers, it is now viewed as highly accessible by public health practitioners with little or no advanced statistical expertise. 3 The information presented here should help investigators design and evaluate a surveillance system based on the cusum technique. Because reliance on published parameter values alone may produce unexpected results, caution should be used when selecting parameter values designed for baseline rates different than the selectively examined scenarios. In addition, even when evaluating a baseline rate for which parameter values have been specifically designed, the user should be aware of the limitations if attempting to detect increases different than the predetermined level. Given these precautions, the cusum technique is efficient and highly specific and should be useful in animal disease surveillance systems.
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